We argue that a description of supersymmetric extended objects from a unified geometric point of view requires an enlargement of superspace. To this aim we study in a systematic way how superspace groups and algebras arise from Grassmann spinors when these are assumed to be the only primary entities. In the process, we recover generalized spacetime superalgebras and extensions of supersymmetry found earlier. The enlargement of ordinary superspace with new parameters gives rise to extended superspace groups, on which manifestly supersymmetric actions may be constructed for various types of p-branes, including D-branes (given by Chevalley-Eilenberg cocycles) with their Born-Infeld fields. This results in a field/extended superspace democracy for superbranes: all brane fields appear as pull-backs from a suitable target superspace. Our approach also clarifies some facts concerning the origin of the central charges for the
Introduction
As is well known, the existence of consistent classical actions for extended supersymmetric objects of spatial dimension p is restricted to certain dimensions D of spacetime. This is e.g. the case of the p-branes of the minimal or 'old' branescan [1] , which restricts the actions to certain values (D, p) for which there exists a Wess-Zumino (WZ) term. This is needed for the κ-symmetry of the full action that matches the physical bosonic and fermionic degrees of freedom on the worldvolume W , and the WZ term is given by a closed (p + 2)-form which can be interpreted [2] as a Chevalley-Eilenberg [3] (CE) (p + 2)-cocycle on superspace. The first classification of p-branes [1] was restricted to fields forming a scalar supermultiplet on W , consisting of scalars and spinors after gauging the κ-symmetry. The restriction to superspace coordinates x µ , θ α on W was later removed with the addition of higher spin fields, vectors or antisymmetric tensors, forming vector or antisymmetric tensor supermultiplets on W . This, together with the Bose-Fermi matching conditions led to an enlargement of the possibilities (see [4, 5] and earlier references therein) for the classically allowed supermembranes. Recently, pbranes including an abelian vector gauge field on W have been interpreted as (Dirichlet) D-branes [6] (see [7] for a review). Their kinetic term is described by a Born-Infeld type Lagrangian which replaces the usual Nambu-Goto one to accommodate the vector potential; in similarity with the pbranes in [1] , there also exists a κ-symmetric worldvolume action [8] for them. The introduction of other objects such as L-branes (which have linear supermultiplets on W ) [9] etc., have enlarged the number and types of p-branes. Finally, the emergence of a web of dualities among the five consistent 10-dimensional string theories, all presumably subsumed, together with D = 11 supergravity, in the eleven dimensional M -theory (see, e.g. [10] ) has led to the 'second superstring revolution' and to a change of the conventional views of supersymmetry. One version of the M -theory, M -atrix theory [11] , even reinterprets spacetime coordinates as non-commuting matrices.
The existence of various extended objects for which there is no unified description suggests that, in the same way Minkowski space was enlarged to the superspace Σ to treat bosons and fermions simultaneously, it may be necessary to extend Σ further to accommodate in a unified point of view a number of the physical aspects mentioned above. In particular, one might hope to remove the need of defining fields directly on W if an extended superspaceΣ is introduced, as it will be seen to be the case. This extension of Σ is tantamount to enlarging the D-dimensional superPoincaré sP to sP and to defining the extended superspaceΣ by the quotient sP /Spin(1, D−1). EndowingΣ with a supergroup structure means that there must exist new superalgebras going beyond the ordinary supersymmetry algebra, and several of them have been discussed in various contexts [12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22] . Our point of view, however, will be to assume that fermions (in the form of odd abelian spinor translations) are the only basic (i.e., initial) entities. We shall then look for the most general superspace groups that are allowed by group extension theory and discuss their consequences for a unified picture of superbranes. We find this path rather natural, but it is not the only one. Another possibility is to take the worldvolume supersymmetry of the p-branes into account by elevating the target superspace coordinates to worldvolume superfields [23, 24] (see also [9] and references therein), but we shall not follow this superembedding or 'double supersymmetry' approach.
Stated as above, the problem is first a mathematical one. Much in the same way that rigid superspace is itself a group extension, and hence supersymmetry is the result of the non-trivial cohomology of a certain odd superstranslation group sTr D [25, 26] , it is worth looking for all the possible group extensions of the various sTr D (i.e., sTr D = {N =1, sTr 11 , sTr 10 , IIA, IIB, etc}) to explore their rôle in more general theories. At the algebra level, the possible supersymmetry algebras were already investigated in [27] and, allowing tensor 'central' charges, in [28] (tensorial charges were also considered in [29, 30, 31] ). But there is also a physical reason behind the mathematical extension problem. It is known that the quasi-invariance of a Lagrangian under a symmetry indicates that the (second) cohomology group is non-trivial, and that the symmetry group may hence be extended. 1 This was exploited in [12] to extend the supersymmetry algebra for the supersymmetric extended objects by topological charges. For Lagrangians containing a quasi-invariant piece φ * (b) constructed from a form b on a group Σ by pulling it back to a manifold W by φ * , where φ : W → Σ, the extension may allow us, as it is the case with the WZ terms b of supersymmetric objects, to obtain manifestly invariant termsb 2 by defining them on an extended group manifoldΣ. In fact, it was shown in [16] that to every free differential algebra in [2] corresponds a new spacetime superalgebra, from which invariant forms can be found to define new WZ terms 3 . We shall take the analysis of [16, 2, 19] further (see also [18] ) by considering various superbrane types and by emphasizing the supergroup manifold point of view. Thus, we shall look for and introduce extended superspace groupsΣ in a systematic way (we restrict our attention here to rigid superspaces). The additional variables in these will determine symmetries to which (topological) charges may correspond via the standard Noether theorem. For the branes of the old branescan, these new variables will appear only in the WZ term and as a total differential. This will be different for the D-branes, for which we will obtain, nevertheless, that it is also possible to find an action defined on an extended superspace (thus removing the necessity of introducing directly worldvolume fields) with a WZ term given by a CE (p + 2)-cocycle. By showing that all these structures and extended superspacesΣ follow from a basic odd translation group sTr D defined by the Grassmann spinors of the specific theory, we may conclude that theΣ's (and the corresponding extended superPoincaré groups sP ) are in a way as fundamental as the standard one, and necessary for a proper description of the physics involved around M -theory and its six weak coupling limit corners. The new variables may be relevant in the search for superbrane actions, in the description of dualities or in the quantisation process.
This paper is organised as follows. Sec. 2 contains all central extensions of sTr D , including ordinary superspace, for various dimensions, and its results are summarised in a table. Sec. 3 considers in general the inclusion of additional non-central generators. Sec. 4 is devoted to the structure of the new superspacesΣ and provides a compact expression for the contribution to the Noether charges coming from the WZ terms of the various possible actions, once they are formulated onΣ. Sec. 5 shows how the simplest D = 10, 11 extended superspaces are relevant to construct a manifestly invariant WZ term, both for the Green-Schwarz superstring [33, 13] (which we will complete with an additional contribution), and for the supermembrane. We shall recover there the results of [16] and compute the topological charges which, in our approach, correspond to the new group variables. The question of the linearity of the group action is seen in Sec. 5.1 to be associated with a coboundary election. Sections 6 and 8 show how the case of the IIA Dp-branes and M 5-brane may also be treated within the same framework i.e., how branes containing vector and tensor fields on W may be defined directly on suitably extended superspaces. We shall argue, in fact, that the picture is general and that suitable target superspaces exist on which to define all the fields appearing in the p-brane actions, including the various vector (see also [22] ), tensor, etc. worldvolume fields. This is tantamount to establishing a general fields/extended superspace democracy in which the worldvolume fields and the extended superspace variables are on the same footing, as it was already the case for the minimal branescan. Indeed this correspondence between coordinates and fields has occasionally been discussed in the past in other contexts (see [34, 35, 36, 37] ). Sec. 7 contains a brief discussion of the origin of the contributions to the Noether charges in the D-branes case [38] in our approach. Finally, an Appendix complements the general theory of non-central extensions of superspace in Sec. 3 and gives the proof of some needed Γ-matrix identities. 
where A ∈ Spin(1, D − 1) and ρ(A) is the appropriate spin representation. The spinor θ is often restricted to be of some specific type, usually minimal (e.g., Majorana (M), Weyl (W) or MajoranaWeyl (MW), when possible); it may carry an additional index i = 1, . . . , N if there is more than one supersymmetry. Associated with (2.1) is the abelian Lie superalgebra {D α , D β } = 0 4 , which can also be described in terms of the left-invariant (LI) one-forms Π α = dθ α and the trivial Maurer-Cartan (MC) equation
Extending sTr D by the Minkowski translations x µ , µ = 0, . . . , D − 1 leads to standard (rigid) superspace [25, 26] . Let us adopt the free differential algebra (FDA) 5 point of view to discuss the extension problem, since forms are especially convenient in the construction of actions for extended objects. Let θ α be Majorana, and consider the two-form (CΓ µ ) αβ Π α ∧ Π β on sTr D . It defines a non trivial CE two-cocycle on the superalgebra of sTr D , i.e. it is left-invariant (LI), closed and not given by the differential of a LI one-form. Since by construction the two-cocycle transforms as a Lorentz vector, it is consistent to extend the FDA (2.3) by a one-form Π µ such that
(we omit the wedge product henceforth). The above extension immediately implies {D α , D β } = (CΓ µ ) αβ X µ , with X µ central. One still has to relate the newly introduced one-form to the coordinate x µ . We define
and choose the transformation law for x µ so that Π µ is LI
This gives rigid superspace Σ, parametrized by (θ α , x µ ) and with group law given by (2.1) and (2.6). The above simple example exhibits already the key features of the extension algorithm. Given a particular FDA to be extended, one identifies in general a non-trivial two-cocycle of a desired Lorentz covariant nature and introduces a new LI one-form, the differential of which is given by the cocycle. The new form (here, (2.5)) together with the MC equations (here, eqns. (2.3) and (2.4)) automatically define by duality an extended Lie algebra. The new LI one-form is given by the sum of the differential of the new group parameter and the potential one-form of the CE two-cocycle on sTr D , which is not LI. Finally, the transformation properties of the new coordinate are fixed so as to guarantee the left invariance of the new one-form, while those of the original manifold are unmodified. The additional one-form can be made LI only if it is defined on the extended superspace manifoldΣ. The new (central) generator, associated with translations along the new coordinates, modifies the r.h.s. of the original commutators of the algebra. Since adding (2.4) to (2.3) involves a central extension, we could have introduced a dimensionful constant 6 as a factor in the r.h.s. of (2.4). By not doing so, the dimensions of Π µ are fixed to be [
If we add the Lorentz group, the result must reflect the action σ of Spin(1, D − 1) on the extension cocyle (see, e.g. [26] , Sec. 5.3), but we shall not consider explicitly the effect of the simple part of the algebra which, apart from extracting the various tensor-valued second cohomology groups from that of the trivial (σ=0) action H 2 0 (sTr D ) (see below), plays no essential rôle in our discussion once only Lorentz covariant objects are used. Thus, central means, where appropriate, central up to Lorentz transformations.
The extension procedure described above can be applied more than once -there are two basic patterns one may follow in this case. One can start in each step with the same original manifold sTr D , and keep adding two-cocycles and central generators or, in each step, one can consider the result of the previous extension as the starting manifold. In the first case (Sec. 2.2) all new generators remain central and appear only at the r.h.s. of the original {D, D} anticommutator. In the second case, a richer structure emerges since the generators introduced at each step can, in principle, modify all previous commutators. We shall give the details of this second construction in Sec. 3.
Maximal central extensions of superspace
Let θ α be Majorana. We may obtain additional Lorentz tensors, leading to new central charges, by considering
where 7 CΓ µ C −1 = −Γ µT . The antisymmetry in the Lorentz indices is needed to rule out trivial dependences coming from the fact that {Γ µ , Γ ν } = 2η µν . The left invariance of the new forms in (2.7) requires new group parameters ϕ µ 1 ...µp so that (cf. (2.5))
The superalgebra generator (LI vector field) Z µ 1 ...µp , corresponding to Π µ 1 ...µp , is realized by Z µ 1 ...µp = ∂/∂ϕ µ 1 ...µp on the extended group manifold. At this stage there are no restrictions coming from the Jacobi identity, equivalent to d(dΠ µ 1 ...µp ) = 0, which follows trivially from dΠ α = 0. This is an alternative way of stating that the p-tensor-valued 9) satisfies trivially the two-cocycle condition
The symmetry of (CΓ µ 1 ...µp ) αβ is needed to prevent the two-cocycle (2.9) from being trivial (i.e., a two-coboundary), since 
11) 7 We adopt C ≡ C− for simplicity. By not considering C+Γ µ C −1 + = Γ µT we rule out, e.g., the pseudoMajorana spinors that exist for D = 8, 9 [mod 8] (see [42] ).
where Γ D+1 is the chirality matrix. For D odd, Γ D+1 ∝ 1, and only the tensors of rank 0 ≤ p ≤ (D − 1)/2 are linearly independent.
For D even, CΓ µ 1 ...µp satisfies (see e.g., [43] ) The table also includes the cases in which the spinor is Majorana-Weyl or complex (Dirac and Weyl). If the spinor is complex the independent tensors Γ 0 Γ µ 1 ...µp may appear. The effect of considering Weyl spinors is taken into account by introducing a chiral projector (P + , say).
The different extended supersymmetry algebras can be easily found from the results in the table. We shall only give below two examples which contain formulae that will be explicitly used later on. To avoid cumbersome factorials, we use a normalization of the generators which is tantamount to defining the duality relations by 
Applications
Due to P + and to (2.11), the first and last term in the r.h.s may be grouped into a single one, (CΓ µ P + )(X µ + Z µ ); classically, Z µ may be absorbed by redefining X µ and the previous analysis shows that the vector-valued cohomology space is one-dimensional. The second term may be rewritten as
with half the number of components of Z µ 1 ...µ 5 . As a result, the degrees of freedom in eqn. (2.13) match: (see table) . But in general Z µ cannot be reabsorbed, since the Green-Schwarz action for the heterotic superstring produces such a contribution to the algebra [12] , of an origin different from that of X µ . Mathematically, this corresponds to the fact that the group parameters are different for X µ (translations x µ ) and Z µ (ϕ µ ); they are locally equivalent, much in the same way R ∼ S 1 locally, but they are different globally. We may, however, achieve the symmetry under the exchange of X 9 and Z 9 (say) when the 9-direction is a circle of radius R. Then the spectra of X 9 and Z 9 are isomorphic under the T-duality exchange R → 1/R (see [45, 46] ).
The FDA form of the D=10, N =1 superalgebra (2.13) is given by the MC relations
where Π α , Π µ and Π µ 1 ...µ 5 are defined as (α = 1, . . . , 32) + n ′ is given nevertheless since it serves as a check on the degrees of freedom: it is equal to the sum of the total real dimensions in the sixth and eigth columns.
If Z µ is included separately, this introduces a further extension which requires adding a new LI form associated with it, Π
we have written the index down for consistency with later notation, as in Sec. 5.1). At the group level this means that the MW translations generate two types of transformations i.e., one has to distinguish between the translations x µ and the ϕ µ , some of which may be compact, in which case the corresponding group law expression should be understood locally.
IIA theory centrally extended superspace
Let us consider now the H 2 σ (sTr 10 • Spin(1, 9), (IIA)) spaces. The IIA superalgebra is the D = 10 algebra associated with two 16-dimensional spinors of opposite chiralities which may be combined into a Majorana spinor. Then (see table) , the IIA theory maximally extended algebra [28] is found to be 
17) The new group parameters define the IIA theory centrally extended superspace, parametrized by the
The IIB case with Π α i ≡ P + dθ α i (i = 1, 2) is treated similarly by noticing that the presence of ǫ ij allows for CΓ µ 1 µ 2 µ 3 P + , which is skew-symmetric.
Non-central extensions and their superspaces
We start now from standard rigid superspace, eqns. (2.3), (2.4) for real, odd translations. To keep the discussion as general as possible, we rescale Π µ , Π µ 1 ...µp by an arbitrary dimensionless constant a s , so that (2.4), (2.7) become
Let us fix p and consider the resulting extended superspace, parametrized by (θ α , x µ , ϕ µ 1 ...µp ), as our starting group manifold. We look for a non-trivial CE two-cocycle with p indices on the above extended superspace. This may now involve any of the LI forms available, Π µ , Π α or Π µ 1 ...µp . Inspection of the possible Lorentz tensors shows that the external Lorentz indices of this two-cocycle have to be of the type (µ 1 . . . µ p−1 α 1 ) and, hence, the only available LI two-forms are is a new feature-the non-triviality of (2.9) only restricted p. We introduce now a new one-form
(for p = 1 the coefficient of the second term can be arbitrary, see Sec. 5.1). . This is a general feature of the extension scheme in this section: at any stage in the chain of extensions, the only central generator present is the last one introduced. Thus, each extension is central, but the resulting algebra/group is not a central extension of superspace: all generators but the last one have non-zero commutators as a consequence of the subsequent extensions. A second feature here is that successive extensions substitute one spinorial index for a vectorial one, preserving the total number of indices. The chain ends with the introduction of a generator with p spinorial indices.
Repeating the above procedure, one finds that the next three extensions are in some sense exceptional (see (3.5) below), while the one introducing five spinorial indices and all others after it follow a pattern which can be used to derive a recursion formula. Skipping the somewhat involved algebra (see Appendix A), we list first the results for the next three extensions
(the a k 's in the r.h.s. normalise the Π's with k spinorial indices). For the remaining extensions, which introduce one-forms with five or more spinorial indices, one establishes the following recursion formula
where
Notice that the above recursion starts at k = 3, which implies p ≥ 5. On the other hand, the maximum value of p (of interest to us) for which (3.3) holds true is p = 5, i.e. (3.6) is relevant here only for
We give related explicit results, for p = 1, 2, in Sec. 5.
Structure of the new superspaces and Noether currents 4.1 Fibre bundle structure
All extended superspaces have a natural bundle structure, in which the basis is the group to be extended and the fibre is the group by which we extend. For instance, superspace Σ itself and the various extensionsΣ in Sec. 2.2 may be considered as the total spaces of principal bundles over the sTr D 's of the specific theory. The two-forms which define the extensions are curvatures of invariant connections valued on the central algebras by which sTr D is extended. The D's are then the horizontal lifts of the vector fields ∂ ∂θ α on the specific base manifold sTr D ; this justifies the 'covariant derivative' name which may be given to the D's in the algebra of theΣ's. Similar considerations apply at any step in the chain of extensions in Sec. 3. From this point of view, after the last step, one has a bundle structure with the last coordinate in the fibre and all the rest in the base. As we show below, there is also another relevant bundle structure with Σ in the base and all new coordinates in the fibre.
Let us now discuss the general case treated in Sec. 3.Σ is parametrised by the coordinates (θ α , x µ , ϕ µ 1 ...µp , ϕ µ 1 ...µ p−1 α 1 , . . . , ϕ α 1 ...αp ). We will denote them collectively by the row vector φ = (z a , ϕ A ) where z parametrizes the base (superspace Σ) and ϕ the fibre (the space of all new coordinates). Referring to this block form, we will say that the superspace part is 'two-dimensional' while the fibre part has 'dimension' p + 1. The LI one-forms that reduce to the differentials of these coordinates at the identity will be denoted by Π = (H a , Θ A ) and the dual LI vector fields by the column vector Z = (D a , Y A ) t (t denotes matrix transposition). The corresponding RI objects will carry an additional hat.
Under a right group transformation, g → gg ′ , Z transforms like Z → T ′t Z, T ′ being a matrix of (primed) functions on the group, called the adjoint representation. It holds
ρ adj (Z) being the adjoint representation of Z, given by the structure constants. Inspection of the MC equations then reveals that T is a lower triangular matrix with units along the diagonal. We put accordingly
with A, B upper triangular matrices. The dimensions of A, B, C (in block form) are 2 × 2, (p + 1) × (p + 1), 2 × (p + 1) respectively. (4.2) shows that the fibre is a subgroup, with adjoint representation given by B t . In this notation, the LI vector fields transform like
The LI forms similarly transform according to Π → Π(
For the RI objects it holdsẐ = (
The Lie algebra valued one-form ω = Θ Y serves as a connection in the bundle. Indeed, one easily verifies that ω is invariant under (4.3), (4.4) when T is restricted to the subgroup of the fibre (A = I, C = 0). The horizontal subspace is spanned by the kernel of ω, i.e. by the components of D, the latter being the horizontal lifts of the standard superspace generators D
In later applications, in section 5, the explicit form of the matrix B −1 is needed -we present here a few remarks that facilitate its computation. Inspection of the r.h.s. of the MC equations for the new one-forms, in section 3, shows that they always contain one new one-form, multiplied by a Π α or Π µ .
For the dual Lie algebra this implies that the new generators commute among themselves and only have, in general, non-zero commutators with the superspace generators D α , X µ . In other words, the group by which we extend Σ is abelian (to begin with) and its generators acquire, as a result of the extension, non-zero commutators only with the superspace generators. The structure of the resulting Lie algebra is, in symbolic form,
in the notation introduced earlier. For T , the expression
is well known. From the third of (4.6) though, we infer that the restriction of ρ adj (Y ) to the fibre (i.e. to the sub-block corresponding to B t ) is zero. Denoting this sub-block by ρ 8) where the matrices ρ (f ) adj (D a ) are given by the structure constants that appear in (the explicit form of) the second of (4.6). The interesting point here is that B depends on (θ, x) only -the new variables enter in T only through A, C.
Invariant actions for the minimal branescan
As already mentioned, part of the motivation for studying superspace extensions comes from their relevance in the construction of manifestly invariant p-brane actions. For the branes of the old branescan, WZ terms on Σ have the form
where b is defined 10 as the potential of the closed (p + 2)-form h on superspace
W in (4.9) is the (p + 1)-dimensional worldvolume swept out by the p-brane, parametrized by {ξ i } = (τ, σ 1 , . . . , σ p ), i = 0, 1 . . . p and φ * is the pullback of the embedding φ : W → Σ. The constant λ is fixed by the requirement of κ-invariance of the total action [1] (we will ignore λ henceforth). As is well known [1] (see also [2] ), the closure of h is equivalent to the condition (3.3) which we have seen to guarantee the existence of the non-central extensions of Sec. 3. Using the new LI one-forms available we may obtain a LI potentialb for h onΣ. Its general form is
where the last equation uses the notation of the previous section and defines Λ C . The b k 's are numerical constants, determined by the second eqn. in (4.10). We check that
We compute now the explicit form for an invariant L W Z in (4.9) (i.e., withb instead of b). For a general one-form Π we put φ * (Π) ≡ Π i dξ i , so that
Eqns. (4.11) and (4.9) give for the Lagrangian
where, expanding multi-indices and using the above notation,
(4.14)
10 For an explicit form of the quasi-invariant b on Σ see [47] .
Noether currents for the new symmetries
The invariance under translations of the action of the supersymmetric objects implies the existence of conserved currents. The integrals of the charge densities over a spacelike section of the worldvolume give constants of the motion for the p-brane. When the action contains the standard WZ term b, the Noether current includes a term ∆ coming from the quasi-invariance of b, δb = d∆. This was used in [12] to find topological extensions of the supersymmetry algebra. When b is replaced by the invariantb in (4.11), ∆ is no longer present. However, the Noether current receives now a contribution from the additional fields φ * (ϕ A ), which leads to the same result. One can derive general expressions for the currents associated with the new generators. In the present case, where the relevant part of the Lagrangian is obtained by pulling back to W forms initially defined onΣ, it is convenient to work on the extended superspace, where quantities have a direct geometrical interpretation, and to pull the result back to W at the end. To keep the discussion general, consider a manifold M which can serve as worldvolume and a target space N , of dimensions m, n respectively (m < n) and an embedding φ of M into N , φ : x → y(x) where {x i } ({y j }) are local coordinates on M (N ). Consider furthermore an action S given by
where α is a k-form on N and φ * is the pullback map associated with the embedding. We assume that the submanifolds x 0 = x 0 init , x 0 = x 0 f in of M form its boundary ∂M -their embeddings in N are the initial and final configuration respectively. The equations of motion are
where Y is an arbitrary vector field on N which vanishes on φ(∂M ) -we denote their solutions generically by φ cl . Proceeding along the lines of the standard derivation, with inner derivations taking up the role of the partials
, one finds the equations of motion in the form
where now Y is an arbitrary vector field, not necessarily vanishing on ∂M . For a symmetry generated by Y 0 one obtains 18) which is the current conservation equation. For a quasi-invariant Lagrangian, φ * (L Y 0 α) = φ * (d∆), the conserved current picks up a term in ∆,
In the present case, (M, N, α) correspond to (W,Σ,b). The variation of the total action from that of the new coordinates comes only from L W Z so that (4.17) gives 
Notice that J A is, in this case, a form on Σ (rather thanΣ). Effecting explicitly the pullback in the first of (4.20) we find 11
11 Eqn. (4.22) for j Ai also follows from the standard expression for the current associated with an 'internal' symmetry of a Lagrangian L,
. However, for the currents considered here the relevant part of L is just LW Z .
Since LW Z is obtained from a form onΣ, the above derivation allows us to exploit the geometry ofΣ. The above expression for the current also makes clear that, within the canonical formalism, the integrated charge operators will reproduce the original symmetry algebra.
Finally, the conserved charges Q A are given by (expanding multi-indices)
23) where W τ is a hypersurface of constant τ . Notice that since B = B(θ, x), the integrand above involves only superspace variables.
Applications
µ in the above equation is the one obtained from the second of (3.1) for p = 1 -we have added a superscript to avoid any confusion with Π µ , since they have similar differentials; recall also that Π α and Π α are unrelated. As mentioned in Sec. 3, the two terms in the r.h.s. of the last of (5.1) are individually closed and hence their relative normalization cannot be fixed by requiring d(dΠ α ) = 0. We have nevertheless chosen the above symmetric normalization for convenience -the results that follow, and in particular (5.12) that involves cancellations, do not depend essentially on this choice.
The corresponding Lie algebra is given by
2) which reduces to the Green algebra [13] if one omits Z µ . The associated group manifold (extended superspace)Σ is parametrized by (θ α , x µ , ϕ µ , ϕ α ) via
Making use of the Baker-Cambell-Hausdorff (BCH) formula, where, for the algebra (5.2), terms of order four and higher vanish, we find theΣ group law
The bilinear terms in the expression for ϕ ′′ α are the ones that give rise to the fourth of the MC equations (5.1)-the trilinear terms are required by the associativity of the group law. Their sum gives the spinor valued two-cocycle ξ α associated with the central extension ofΣ(θ α , x µ , ϕ µ ) by ϕ α .
One can now relate the LI one-forms to the coordinate differentials
(see also [20] although, omitting Π (ϕ)
µ , we disagree with the corresponding expressions there). One may check that the LI forms in (5.5) satisfy the FDA (5.1). From the group composition law, one can compute the LI vector fields dual to (5.5) satisfying (5.2)
Effecting a right group translation in (5.5) and reexpressing the result in terms of the Π's, or computing the exponential in (4.7), one finds for (T t ) −1
(the matrix indices are γ ν ρ ζ for the rows and α µ κ β for the columns). When eqns. (5.4) are linearized in the primed variables (viewed as the parameters of the transformation), they provide a realization of the algebra (5.2), acting on the coordinate (unprimed) variables. For our particular choice of parametrization (5.3), this action is rendered non-linear by the last term in the expression for ϕ ′′ α . This term can be eliminated by modifying the two-cocycle by a two-coboundary, the latter being generated by a suitable spinor-valued function η α onΣ(θ α , x µ , ϕ µ ). Indeed, with η α ≡
The new cocycleξ α = ξ α + ξ cob α modifies the last eqn. in (5.4) to read
which is linear in the unprimed variables although the definite symmetry properties under exchange of primed and unprimed variables are now lost. The terms in (5.9) linear in the primed coordinates agree (omitting ϕ µ ) with the (first-order) results of [20] , where the (equivalent) coordinate redefinition ϕ α →φ α ≡ ϕ α + η α is given. For the LI one-form associated with the new coordinate we find
The manifestly invariant WZ term for the superstring action is given by
which differs from the one in [33] by the term in Π (ϕ) µ Π µ . It is immediately checked, using (5.1), (5.5), that db = db = (CΓ µ ) αβ Π µ Π α Π β and hence that φ * (b) and the standard WZ term φ * (b) are equivalent, differing only by an exact differential. Since the string tension
To compute the conserved Noether currents, we start from (4.21) which gives the closed forms J A onΣ. With B −1 given by the lower right block of (T t ) −1 (see (5.7), (4.2)) we get
which, after pulling back on the worldvolume, gives for the charge Q µ (see (4.23))
13)
Q α being zero because we assume that θ is periodic in σ. The integral (5.13) may lead to a non-zero result if the topology is nontrivial [12] .
D = 11 and the case of the supermembrane
Our starting point is the FDA of Sec. 3 with p = 2. We fix the normalisation of the forms by setting (a s , a 0 , a 1 , a 2 ) = (
2 ) so that the dual Lie algebra becomes 14) coinciding with that given in [16] . The associated extended superspace group manifold is parametrized by the coordinates (θ α , x µ , ϕ µν , ϕ µα , ϕ αβ ) via 13
where ϕ µν , ϕ αβ are antisymmetric and symmetric, respectively, in their indices. Application (with the help of FORM) of the BCH formula, where now terms of order five and higher vanish, results in the following group law
(in the expression for ϕ α 1 α 2 , the r.h.s. is assumed to be symmetrised, with unit weight, in α 1 , α 2 ). The ±( (1) ↔ (2)) instruction in the last two expressions means that for each term displayed, one has to add (subtract) a similar term, with the primed and unprimed variables exchanged (taking into account statistics), if the order of the term is odd (even) in the coordinates (e.g.
). This symmetry property can be seen to hold in general: from the BCH formula e A ′ e A = e f (A ′ ,A) it follows that f (−A, −A ′ )=−f (A ′ , A) and hence, terms of order n in the coordinates are symmetric (n odd) or antisymmetric (n even) under the above exchange of the two spaces. The linearized (in the primed variables) form of the previous expressions has been given in [20] . Starting from (5.20), we find for the LI vector fields of (5.14)
(antisymmetrisation with unit weight in µ 1 , µ 2 is understood in the r.h.s. of the expression for Z µ 1 µ 2 ). The manifestly invariant WZ term on the extended superspaceΣ is given by [16] 
It depends on the additional ϕ variables through total differentials since db
The computation of the full T matrix for the supermembrane is rather tedious. For the Noether currents though (corresponding to the new variables) we only need B −1 . Reading off the relevant structure constants from (5.14), we find
Using these in the exponential in (4.8) we get for B −1
(the external indices are µ 1 ν 1 κ 1 α 1 β 1 γ 1 for the rows and µ 2 ν 2 κ 2 α 2 β 2 γ 2 for the columns). Substituting now in (4.21) we find for the forms J A on Σ
The above locally exact expressions result from rather non-trivial cancellations. The currents are obtained by pulling back to W the forms (5.29). For periodic θ's the charges Q κ 1 α 1 , Q β 1 γ 1 (but not Q µ 1 ν 1 for a non-trivial two-cycle [12] ) turn out to be zero. Thus, this case provides a realization of the algebra (5.14) where only the Q µ 1 ν 1 term is non-zero.
The case of D-branes
Let us consider first a bosonic background for which all forms of the R⊗R sector and the dilaton vanish so that the two-form F ≡ F − B, where F =dA and B is the NS⊗NS two-form, reduces to F ; A is the Born-Infeld one-form on the worldvolume A(ξ) = A i (ξ)dξ i . Then the action of the Dp-brane reduces to
Let us look for a manifestly supersymmetric generalisation of this action on a suitable extension of flat superspace (we shall consider here only D = 10, IIA D-branes). For the ordinary p-branes the supersymmetrisation is achieved by substituting first Π µ i for ∂ i x µ and then by adding a WZ term b, db = h, with h characterised [2] by being a non-trivial CE cohomology (p + 2)-cocycle on superspace Σ. It was shown in the previous sections how to make these WZ terms manifestly invariant. We shall extend this to the Dp-branes case by showing first that the WZ terms may be characterised and classified by CE-cocycles as well, and then by finding manifestly supersymmetric potentialsb on the superspacesΣ which are obtained by the techniques of Sec. 3 or by dimensional reduction from these. We shall restrict ourselves here to the D2-brane case, and hence to its associatedΣ parametrised by (θ α , x µ , ϕ µ , ϕ α , ϕ µν , ϕ µα , ϕ αβ , ϕ).
CE-cocycle classification of D-branes
The new feature in the Dp-brane case is the field A i (ξ) directly defined on the worldvolume. The one-form A transforms under supersymmetry in such a way that F ≡ dA − B is invariant, where B is a two-form on superspace such that
Let us now consider A as an abstract form. In our approach, the possible WZ terms will be some non-trivial (p + 2)-cocycles of the cohomology of a certain FDA (here, of IIA type). This FDA is generated by the supersymmetric invariant Π α , Π µ and F and defined by the structure relations
Note that dd ≡ 0 because the identity ( Since F is a two-form, h can be expanded in powers of F as
where h (k) is a form of order k ≡ p + 2 − 2n and, since D = 10, p ≤ 8 excluding the degenerate case
where Γ = 1 or Γ 11 so that (CΓ µ 1 ...µ k−2 Γ) αβ is symmetric (i.e, k − 2 = 1, 2, 5, 6, 9, 10 for 1 and 0, 1, 4, 5, 8, 9 for Γ 11 ). Since
the required closure of h is equivalent to the following set of equations
At this point it is convenient to examine separately the p odd and p even cases.
a) p even
The first eqn. in (6.7) gives dh (0) = 0. This means h (0) = 0 because h (0) = 0 would imply by (6.4) having an additional dimensionful constant, [
, etc.) are equivalent, by factoring out products of forms Π µ and Π α , to
Note that the number of identities from (6.8) that are necessary to show that h is closed depends on the values of p since 2 ≤ k ≤ p + 2, k even. Specifically, for the D2-brane only the first identity is used, for the D4-brane the first two identities are relevant and the first three (four) identities are required for the existence of the D6-(D8-)branes. Equations (6.8) have to be identically satisfied for certain values of the a's to be determined. To find them, one may multiply the equations by (Γ ν C −1 ) βδ (although the resulting system is not equivalent to the original one). This procedure gives some equalities between gamma matrices that are only satisfied if a (2) = −a (4) , a (4) = −6a (6) , a (6) = −15a (8) and a (8) = −28a (10) . These values are the solution of eqs. (6.8) and determine closed forms h by (6.4), (6.5) provided that the following identities are satisfied
as it is indeed the case (see Appendix B). Therefore we have shown that, for p even, there exist closed (p + 2)-forms h with the required dimensions for all even values of p, p ≤ 8.
To prove that the h's obtained from eq. (6.5) for the appropriate values of a (k) are not CE-trivial, it is sufficient to note that if there were a potential form b(Π µ , Π α , F), db = h, then this form would be a Lorentz-invariant (p + 1)-form with physical dimensions L p+1 , which does not exist for p + 1 < 10 since p is even.
b) p odd
In this case, the first eqn. in (6.7) gives dh (1) = 0. Again, this means h (1) = 0 because obviously there are no Lorentz-scalar one-forms that can be constructed from Π µ , Π α and F. On the other hand, k in h (k) has now the range 3 ≤ k ≤ p + 2, k odd. Of these h (k) , those corresponding to k = 5 and k = 9 vanish independently of the type of the matrix Γ (see table) . This leaves us with h (3) and h (7) and the second of (6.7) leads to
In the a (3) equations, Γ has to be Γ 11 (the other possibility, 1 32 , may be shown to be inconsistent by multiplying the second expression by (Γ ν C −1 ) βδ ). Multiplying the fourth equation by (Γ ν C −1 ) βδ shows that a (7) = 0 for both Γ=1, Γ 11 . Thus we have shown that the only candidate for a WZ term in the odd p case is obtained from h (3) i.e., from
, and hence is a trivial CE cocycle. Therefore in the D = 10, IIA theory there are no non-trivial WZ terms for the D-branes with p odd. The other values for p found in our discussion are precisely those for which D-branes of type IIA are known to exist. Thus the IIA D-branes are, as the scalar p-branes [2] , characterized by non-trivial CE cocycles. 14 We note in passing that in the heterotic case, for which
So the chain of equations that follows does not appear and there are no non-trivial WZ terms. This shows, as expected, that there are no D-branes in the heterotic case.
D-branes defined on extended superspace
As we saw, one reason for considering superspace extensions associated with extended objects is that it is possible to find onΣ manifestly invariant WZ terms since then h may be expressed as the differential of a LI formb. We shall now show that this is also possible for the D2-brane. The starting point is now the FDA given in eq. (2.17) with the generators with more than two vector indices absent, plus the equation for dF i.e.
(6.12)
The reason one should start from (6.12) is that the dual of the algebra defined by the first five equations is the one obtained when one computes the algebra of the Noether charges associated with the supertranslations in the case of the type IIA D2-brane (see [38] ). The next step, as was done in Sec. 3, is extending this algebra with the generators obtained by replacing vector indices by spinorial ones. In the case of the D2-brane this is not difficult to do because, apart from the equation for dF, the free differential algebra one starts with is actually the dimensional reduction of the 11-dimensional one 13) in which one sets Πμ
. Since this D = 11 algebra has already been extended recursively in Sec. 3 by the new one-forms Πμ α and Π αβ , the extended algebra in D = 10 is simply its dimensional reduction, for which Πμ α ≡ (Π µα , Π (z) α ). The result is given by eqs. (6.12) plus 14) which, apart from the dF equation, corresponds to the dimensional reduction of (5.14) (with Z µ = 2Z µ10 )
We can now show, using the new forms in (6.14) , that it is possible to find an invariant WZ termb, h = db, on the extended superspace. In our case h is given by (eqs. (6.4), (6.5); k = 2, 4)
Again, it is possible to expandb asb = b (3) + b (1) F. Using this expression in h = db, and identifying the result with h, yields db (1) = −(CΓ 11 ) αβ Π α Π β , from which follows that b (1) = −2Π. Similarly,
where in the last equality we have rewritten the expression using the eleven-dimensional notation. This has the advantage that the expression for b (3) in D = 11 was given in (5.26),
Reducing (6.18) to D = 10 and adding b (1) F = −2ΠF we find the invariant WZ term, (6.19) This shows that on the extended superspace corresponding to eqs. (6.12) and (6.14), the WZ term of the type IIA D2-brane can be made invariant, as was the case for the ordinary p-branes. We expect that this result holds for the other values of p.
In contrast with the case of ordinary p-branes, the extended free differential algebra is not the dual of a Lie algebra because of the equation for the two-form dF. However, it is easy to check that 6.20) so that, on the extended superspace, we may set 21) in accordance with (6.12), (6.14) . This is not a surprising fact since from (6.12) we see that dF is equal to the h corresponding to the WZ term of the type IIA superstring on a flat background. So it has to be possible to write it as the differential of an invariant formb =b(
α ) on the fully extended superspaceΣ of the IIA superstring. Since F = dA − B and B is defined on Σ, dA may be written onΣ. Making use of its LI forms i.e., of
22) it is easy to identify A as the one-form onΣ
In this way, the customary Born-Infeld worldvolume field A i (ξ) becomes here φ * (A), with A onΣ given by (6.23) , and its existence may be looked at as a consequence of extended supersymmetry. The previous discussion shows that it is natural to rewrite the action of the D-branes on a flat background by using only objects that are initially defined on the appropriately extended superspace. We show now that the Euler Lagrange (EL) equations are still the same (provided a rather natural condition is met) and that the gauge transformations of A i (ξ) can be reinterpreted in the new language. So at this point it seems that the geometric difference between the ordinary p-branes and the Dp-branes is that while the action of the former may be defined from forms on ordinary superspace Σ, the action of the latter requires the extended superspace of the IIA superstring if one whishes to avoid objects that only have a meaning on the worldvolume. In the IIA superstring case the extended superspace was also considered, but the new variables appeared only in the WZ term and as total derivatives (Sec. 5.1) and thus had trivial EL equations. In the D-brane case, in contrast, these variables have nontrivial EL equations.
Let us now see how the EL equations change by making the substitution A → ϕ µ dx µ + When the substitution is made, there are new terms in the equations, and they read . Hence both actions are equivalent. In fact, it may be shown that there is an additional gauge freedom which accounts for the difference of degrees of freedom between A (eqn. (6.23)) and A i (ξ), but we shall not discuss this here 15 . This seems to indicate that, when the action on W is obtained from entities oñ Σ, there is an additional gauge freedom which in our formulation plays a rôle complementing that of κ-symmetry.
Finally, the U (1) gauge field A i (ξ) on W has a gauge transformation δA i (ξ) = ∂ i Λ(ξ). The question now is what is the gauge transformation of the component fields if one writes A i dξ i as φ * (A). In other words, for a given Λ(ξ), there should be a transformation of ϕ µ and ϕ α in (6.23) reproducing δ i Λ. This may be obtained by means of a superfield λ such that φ * λ(x µ , θ α ) = Λ(ξ). Then if under a gauge transformation one defines δϕ µ = ∂ µ λ and δϕ α = 2∂ α λ, φ * (A) behaves as expected since then δφ * [ϕ µ dx µ + 1 2 ϕ α dθ α ] = ∂ i Λ. The fact that when the supersymmetry transformations of a field close only modulus a gauge transformation one obtains an extension of a FDA is not restricted to Dp-branes. In fact, one may achieve manifest invariance by introducing an electromagnetic potential on the worldsheet in the Green-Schwarz superstring action, in which case the string tension is the circulation of the potential around the string [49] (see also [50] ) and a similar result applies to the other scalar p-branes [51] . Clearly, the worldvolume fields introduced there could be defined on our appropriate extended superspaces as well. As for the IIB Dp-brane, an analysis similar to that in this section for the IIA case would classify them by first showing that WZ terms exist for odd p. In a second stage, the worldvolume gauge field A may be expressed as the pull-back of a IIB superspace one-form. In fact, this last point for the A in the p=1 IIB D-string case has been discussed very recently in [22] by introducing an appropriate extended group manifold. We may conclude, then, that the different worldvolume fields may be expressed in terms of forms defined on suitably extended superspaces.
Noether charges and D-brane actions
It follows from the discussion of Sec. 6 that the worldvolume field A(ξ) that appears in the D2-brane action may be written on the superstring extended superspace parametrized by (x µ , θ α , ϕ µ , ϕ α ). On the other hand, the D2-WZ term, which is quasi-invariant in these coordinates, can be made strictly invariant by further extending the previous superspace toΣ = (θ α , x µ , ϕ µ , ϕ α , ϕ µν , ϕ µα , ϕ αβ , ϕ). In this way, the whole action is invariant.
If one now computes the canonical commutators (or Poisson brackets) of the charges corresponding to the symmetries of the action, the resulting algebra is exactly the RI version of the Lie algebra dual to (6.12) (removing its last line) plus (6.14), given in (6.15). The RI generator algebra ({Q, Q}, etc.) is the same as (6.15) with an additional minus sign on the r.h.s. Let us concentrate on the {Q α , Q β } commutator,
(there has been a redefinition of the generators so that {Q, Q} = +CΓ µ P µ etc). Let us assume that we had written the action, as it is customary, in terms of (x µ , θ α , A) alone, with A = A(ξ) directly defined on W . In this case, the CΓ µν and CΓ 11 contributions would come from the quasi-invariance of the WZ Lagrangian, while CΓ 11 Γ µ would be the result of the contribution of the A(ξ) field to the Noether current [38] (see also [48] ). This follows easily from the appropriate definition of the conserved Noether currents and charges (see, e.g., [26] ) which include an additional piece when the Lagrangian is quasi-invariant, a common feature of the conventional actions for p-branes [12] . In the present D-branes case, there is an additional contribution due to the worldvolume field A(ξ) since its transformation properties, δA = ∆, are postulated to compensate for those of the composite object B, δB = d∆, so that F = dA − B is invariant. As a result, the supersymmetry transformations do not close on A, and this produces an additional term by a mechanism similar to the one in the standard quasi-invariance case. These modifications become evident in our context i.e., by formulating the action on the extended superspace. Let us consider the D2-brane Lagrangian with the quasi-invariant WZ term b = b(x µ , θ α , ϕ µ , ϕ α ). The conserved Noether currents then have to include the quasi-invariance piece. If we wrongly ignored this additional term, the (canonical formalism) algebra of the corresponding (non-conserved, non-Noether) charges would be the algebra of the symmetries x µ , θ α , ϕ µ , ϕ α of the Lagrangian, i.e.
2)
The algebra of the conserved Noether charges is not (7.2), however, because these must include the quasi-invariance contribution. We may find the correct algebra immediatley by replacing the quasiinvariant WZ term b, byb =b(x µ , θ α , ϕ µ , ϕ α , ϕ µν , ϕ µα , ϕ αβ , ϕ), which is manifestly invariant since the transformation properties of the additional variables (ϕ µν , ϕ µα , ϕ αβ , ϕ) remove the quasi-invariance of b. By definition, the transformation properties of all the coordinates obviously close into the group law or algebra. Hence, it follows that the algebra of charges computed using the canonical formalism reproduces (7.1), and that the contributions toẐ µν andẐ are entirely due to the WZ termb (or to the quasi-invariance of b(x µ , θ α , ϕ µ , ϕ α ) if we used b instead).
Branes with higher order tensors: the case of the M5-brane
We shall now show that the previous analysis can be applied also to other extended objects that are neither ordinary p-branes nor D-branes. We shall consider here the case of the D = 11 M 5-brane, which contains a worldvolume two-form field A in the action (see [52] ). The action in a flat bosonic background depends on A trough H = dA − C, where C is a background three-form. We shall take as our starting point the case with C = 0 and with all other forms of rank higher than one in that action vanishing. We do not need to worry about the (generalized) self-duality condition for A on the worldvolume, since this condition may arise as a field equation for an auxiliary field (see [52, 53] ). The supersymmetric action of the M5-brane is obtained in two steps. First, one substitutes H = dA − C for dA, where C is a form on ordinary flat superspace such that
and the transformation properties of the worldvolume field A are fixed so that H is invariant. Secondly, a WZ term is added to obtain κ symmetry.
Let us now find the WZ term in our framework. It should be obtained from the FDA generated by the abstract invariant forms Π α , Π µ , H,
and be given by a CE-non-trivial potential b of a closed form h(Π α , Π µ , H). Thus, we have to solve the problem of finding nontrivial (p + 2)-cocycles of the FDA (8.2). We shall find that there is no solution unless p = 5. A general (p + 2)-form on (8.2) can be written as
there are no further powers of H since H 2 ≡ H ∧ H = 0. The closure of h gives
which is equivalent to The second identity in (B.1) gives a (7) = − 2 15 a (4) . The resulting closed form
is not CE-exact, as may be seen by an argument analogous to that used in the IIA D-branes case: a LI potential form b would have to be a scalar six-form depending on Π α , Π µ and H with dimensions L 6 , which does not exist. It is possible to see, however, that a LI expression for H exists on the appropriate extended superspace. Since H is a three-form, it has formally the same properties as the invariant WZ termb of the M2-brane, the extended superspace of which is the one corresponding to the Lie FDA obtained by the methods of Sec. 3. Eqs. (2.3), (3.1), (3.4) and the first of (3.5) with (a s , a 0 , a 1 , a 2 ) = ( give, respectively,
9) i.e., the dual of (5.14)). Using again (5.26) we may then write
We might now go on and show that there exists a LIb such that h = db on a suitably extended superspace; we shall omit its expression [19] since it is not needed below. What we wish to show is that now we may use (8.10) to replace the worldvolume two-form A(ξ) by the pull-back of the two-form A on extended superspace given by Again, this expression may also be used to find the gauge transformation δA(ξ) = dΛ(ξ). This is achieved by the one-form on superspace λ = λ µ dx µ + λ α dθ α , φ * (λ) = Λ(ξ are equivalent to the ones corresponding to the new action in which A(ξ) is the pull-back of (8.11). Indeed, the equation for ϕ αβ gives δI δA ij ∂ i θ α ∂ j θ β = 0, and substituting it into that of ϕ µα ,
gives δI δA ij ∂ i x µ ∂ j θ α = 0 and so on. Therefore one obtains 
Conclusions
We have provided in this paper a unified approach to the study of various p-branes by defining them on suitably extended superspaces. All of these are supergroup manifolds, extensions of the basic odd abelian groups sTr D determined by the spinors of the specific theory considered. The extension algorithms in Secs. 2.2 and 3 show how they depend, when they do, on specific identities for Γ-matrices. The central extensions do not need any Γ-identities, but the non-central ones require the identities (3.3) , precisely the ones needed to define the WZ terms of the old branescan.
The centrally extended superspaces are associated with (topological) charges, but the introduction of manifestly supersymmetric WZ terms requires the addition of non-central variables, already for the branes of the old branescan. When the procedure is applied to Dp-branes, it is seen that all the fields in their action may also be defined by pullbacks of entities on the previously introduced superspaces. In the language of FDA's, our results show that all the FDA's involved in the formulation of the p-branes considered here become Lie FDA's on suitably extended superspaces. We conjecture, in view of the previous discussion, that this is the case in general and that there exists an extended superspace definition for all fields appearing in the action of the various p-branes. In other words, there exists a kind of field/extended superspaces democracy by which all brane worldvolume fields are pullbacks from some target superspaceΣ. The appropriateΣ of the theory is given by an extension of a certain sTr D and, usingΣ, the action can be defined in a manifestly invariant form. In fact, in this field/extended superspace democracy context, the invariance properties seem to characterize essentially the superbrane actions. It should not come then as a suprise that κ-symmetric actions may also be introduced for Dp-branes, as in [8] for D-branes with rigid IIA and IIB superPoincaré symmetry. As is the case for ordinary p-branes, κ-symmetry is achieved when the relative coefficient of the kinetic and WZ-like part is such that the Bogomol'nyi bound is saturated.
Our extensions provide at the same time a connection between the CE cocycles and the mechanism of partial breaking of supersymmetry. The CE (p+2)-cocycles lead to (extended) loop-type or worldvolume current algebras (see, e.g. [12, 15, 54, 55, 56] ) and the two-cocycle to the corresponding algebra of charges defining the extended superspace algebra. The new variables in the extended superspaces are also essential to define (invariant) actions. They may also be relevant in the problem of quantisation, the formulation of dualities (see Sec. 2.3.1) and in the formulation of the additional gauge freedom hidden in the definition of some superbrane fields, the worldvolume definition of which reflects an election of gauge. We suspect that the mathematical existence of the extensions considered here has a deeper meaning beyond the aspects discussed in this paper.
Note added. After completion of this paper an article [57] has appeared in hep-th, where an approach similar to that in Sec. 6.2 for the field A is given for the IIB D-brane case.
